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We have grown homoepitaxial GaN nanowall networks on GaN template using an ultra-high vacuum laser
assisted molecular beam epitaxy system by ablating solid GaN target under a constant r.f. nitrogen plasma
ambient. The eﬀect of laser repetition rate in the range of 10 to 30Hz on the structural properties of the GaN
nanostructures has been studied using high resolution X-ray diﬀraction, ﬁeld emission scanning electron
microscopy and Raman spectroscopy. The variation of the laser repetition rate aﬀected the tip width and
pore size of the nanowall networks. The z-proﬁle Raman spectroscopy measurements revealed the GaN
nanowall network retained the same strain present in the GaN template. The optical properties of these
GaN nanowall networks have been studied using photoluminescence and ultrafast spectroscopy and an
enhancement of optical band gap has been observed for the nanowalls having a tip width of 10–15 nm
due to the quantum carrier conﬁnement eﬀect at the wall edges. The electronic structure of the GaN
nanowall networks has been studied using X-ray photoemission spectroscopy and it has been compared
to the GaN template. The calculated Ga/N ratio is largest (2) for the GaN nanowall network grown at
30 Hz. Surface band bending decreases for the nanowall network with the lowest tip width. The
homoepitaxial growth of porous GaN nanowall networks holds promise for the design of nitride based
sensor devices.1. Introduction
The III-nitride semiconductors have many potential applica-
tions in the eld of optoelectronic devices such as laser diodes
(LDs), light emitting diodes (LEDs) and solar cells among
others.1–5 Among the III-nitrides, GaN has received enormous
attention because its energy band gap can be largely tuned from
the infra-red to deep ultraviolet region by alloying it with In and
Al metals. The GaN lm is also being used as a base layer for the
fabrication of nitride based heterostructures and devices
because the band gap of GaN (3.4 eV) lies in between InN
(0.7 eV) and AlN (6.2 eV).6,7 Apart from at and smooth GaN thin
lms,8,9 various GaN nanostructures such as nanowires, nano-
tubes, nanowalls, nanorods etc. have been grown on a variety of
substrates using diﬀerent growth techniques for various appli-
cations.10–17 In spite of the promising physical and electrical
properties of the GaN nanowires, nanorods and nanotubes, it is
quite complicated to separate them individually in self-
assembly for specic applications. On the other hand, nano-
walls are drawing special attention due to continuity in the
lateral direction and porous surfaces for fruitful applications in. S. Krishnan Road, New Delhi-110012,
ucknow Road, Delhi-110054, India
0the eld of nitride based sensor technology and nano-
devices.15,18–22
Recently, a few research groups have reported the growth of
GaN nanowall networks on sapphire18,21 and Si(111)19,20 using
plasma assisted molecular beam epitaxy (PA-MBE). Most of the
GaN nanowall networks have been grown heteroepitaxially on
these substrates under extremely high N to Ga ux ratio
conditions. Kesaria et al.18,22 reported that the spontaneous
growth of GaN nanowall honeycomb network on sapphire
(14% lattice mismatch) is due to the presence of mist
dislocations as nucleation centers on sapphire substrates. The
diﬀerence in lattice constants, thermal expansion coeﬃcients
and electrical properties of the substrate and overlayer in het-
eroepitaxial growth can cause external biaxial strain in the GaN
lms. It has been suggested that strain due to lattice mismatch
is a very important factor for occurrence of GaN nanowall
network growth.18,22 However, it would be interesting to study if
GaN nanowall can also form on lattice-matched substrate.
There are a few reports on the growth of ZnO nanowall networks
on closely lattice-matched GaN template (lattice mismatch
1.8%) with and without presence of metal catalyst using metal
organic chemical vapor deposition (MOCVD).23–26 Recently,
Poppitz et al.15 have grown GaN nanowall networks on SiC
(lattice mismatch 3.5%) using ion-beam assisted MBE.
However, the homoepitaxial growth of GaN nanowall networksThis journal is © The Royal Society of Chemistry 2015
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View Article Onlineon thick GaN epilayer grown on sapphire (0001), commonly
referred as a GaN template, has not been reported.
Here, we report the homoepitaxial growth of GaN nanowall
networks on MOCVD grown GaN template using a laser assisted
MBE (LMBE) (also known as ultra-high vacuum pulsed laser
deposition or UHV-PLD) system. Recently, LMBE has emerged
as a powerful technique to grow high quality GaN layers at
relatively lower temperatures on various substrates.9,27–30 The
nanowalls have been grown by laser ablation of a hydride vapor
phase epitaxy (HVPE) grown high purity polycrystalline GaN
solid target in the presence of r.f. nitrogen plasma. A higher
growth rate is found to be favorable for the homoepitaxial
formation of GaN nanowall with tip width <15 nm. An enhanced
optical band gap is obtained due to carrier connement. The
photoluminescence (PL) spectroscopy showed the direct
evidence of the blue shi in near band edge (NBE) peak for the
GaN nanowalls width <10–15 nm keeping the template NBE
peak position unchanged. We have used X-ray photoemission
spectroscopy (XPS) to understand the electronic structure as
well as chemical composition of GaN nanowall network and it
has been compared to GaN template. Binding energy shi of
core level (Ga 3d and N 1s) spectra, high Ga/N ratio and change
in VB maxima position for lowest tip width GaN nanowall
network provides the evidence of N vacancy related defect
states.
2. Experimental details
2.1. Growth of GaN nanowalls using LMBE
The GaN nanowalls were grown on MOCVD deposited 3.5 mm
thick GaN templates on sapphire (0001) substrates in a LMBE
system (SVTA, USA) equipped with r.f. nitrogen plasma source,
reection high energy electron diﬀraction (RHEED; Staib
Instrument, Germany) and multiple laser ablation targets. The
base pressure of growth chamber is <2  1010 Torr. A high
purity HVPE grown polycrystalline solid GaN target (99.9999%)
was ablated using a KrF excimer laser (wavelength: 248 nm,
pulse: 25 ns) with a laser energy density of 2.5 J cm2 at
various laser repetition rates, such as 10, 20 and 30 Hz. GaN
templates of dimension 10 mm  10 mm were diced from
a 2 inch diameter MOCVD GaN epilayer (LUMILOG) grown on
sapphire (0001). Surface defects and other physical properties of
the template are assumed to be same for all growth as they were
diced from a single GaN template wafer. All the GaN samples
were grown at a xed substrate temperature of 700 C for 2 h
with 2 rpm clock wise rotation of the substrate and anti-clock
wise spinning of the target. Growth was performed in
a constant nitrogen (N) plasma environment using semi-
conductor grade nitrogen gas with a ow rate of0.35 sccm and
an r.f. forward power of 250 W. The growth of GaN nano-
structures was monitored by in situ RHEED. The thickness of
LMBE grown GaN lms on template are measured using a stylus
prolometer as about 150, 220 and 300 nm for 10, 20 and 30 Hz
laser repetition rates, respectively. The eld emission scanning
electron microscopy (FESEM) morphology, high resolution
X-ray diﬀraction (HR-XRD) rocking curve FWHM and PL data
obtained at diﬀerent locations of 10 mm  10 mm samples areThis journal is © The Royal Society of Chemistry 2015very similar which indicate that the LMBE grown GaN nano-
walls are quite uniform over this area.2.2. Characterization techniques
Structural properties of the LMBE grown GaN nanostructures
have been investigated using HR-XRD, FESEM and Raman
spectroscopy. X-ray rocking curves (XRC) of (0002) and (10–12)
diﬀraction planes were measured by a PANalytical HR-XRD
system using CuKa1 source to determine the crystalline
quality of the GaN lms. The plane and 45 tilt view images of
the GaN nanowall networks were obtained using a FE-SEM (FIB,
ZEISS, Germany) operated at 5 kV. Raman spectra were recorded
using a 514 nm excitation light from Ar+ laser and a micro-
Raman spectrometer with 50 objective lens (Renishaw inVia
Raman Microscope system). The z-prole of the Raman spec-
trum was recorded using piezo-electric controlled movement of
sample stage along the incident beam direction. Scattered light
from the sample was collected in the backscattering geometry.
Optical properties of the samples have been studied with
commercial PL system using a 266 nm continuous-wave solid
state ultra-violet laser as an excitation source. Ultrafast spec-
troscopy measurements on the GaN samples have been per-
formed using a Ti:sapphire laser (35 fs, 4 mJ per pulse, 1 kHz,
800 nm). The laser beam is split into two: one with high
intensity as a pump (330 nm) and the other with a weak
intensity as a probe (560 nm). The probe beam is optically
delayed with respect to pump beam using a computer
controlled delay stage. The intrinsic temporal resolution of
delay stage is 7 fs. The time resolved study was performed using
HELIOS spectrometer (Ultrafast Systems). Here we have per-
formed ultrafast pump-probe spectroscopy of GaN samples
using 330 nm as a pump beam (power 25 mW) at normal
incidence and the change in absorption was detected by using
a gated CMOS detector.
Ex situ XPS measurements were carried out in an UHV Multi
Probe Surface Analysis System (MPSAS) with a base pressure of
4  1011 Torr from Omicron Nanotechnology GmbH. The
chamber is equipped with an EA 125 electron energy analyzer,
monochromatic Al Ka and non-monochromatic dual anode
(Al Ka and Mg Ka) X-ray sources. Samples were mounted with
UHV compatible conducting carbon tape. An electrical contact
was established between the sample surface and grounded
sample plate with a highly conducting UHV compatible Ag paint
in order to minimize charging during the XPS measurements.
This procedure helped us to avoid any signicant time depen-
dent charging. However, nite and time dependent charging
was still observed and it was corrected using C 1s (284.8 eV)
core-level binding energy (BE). C 1s core levels were measured
throughout the experiment particularly, before and aer each
XPS spectra to correct any small shi due to charging. All
binding energies have been referenced to the Fermi edge of an
Ar+ sputtered clean polycrystalline Ag sample. Uncertainty in
determining the BE position and full width at half maximum
(FWHM) is estimated to be 0.05 eV. Most of the XPS data
shown here, unless specically mentioned, has been acquired
using monochromatic Al Ka X-ray source. All the core level andRSC Adv., 2015, 5, 87818–87830 | 87819
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View Article Onlinevalence band (VB) spectra were acquired using 20 eV analyzer
pass energy. Overall experimental energy resolution with
monochromatic Al Ka (1486.7 eV) and non-monochromatic Mg
Ka (1253.5 eV) is 0.45 and 0.9 eV, respectively. All the spectra
reported here were obtained at an emission angle of 40.
Photoemission angle has been dened with respect to sample
surface parallel. Mixtures of Gaussian and Lorentzian (largely
Gaussian) peaks have been used to t the core level and VB
spectra. Shirley method has been used to remove secondary
electron background.313. Results and discussion
3.1. Structural properties of LMBE grown homoepitaxial
GaN nanostructures
The LMBE growth of GaN layers was monitored by in situ
RHEED and the typical RHEED pattern obtained for the GaN
template and the LMBE grown GaN sample along [11–20] and
[10–10] directions have been presented in Fig. 1(a and b). The
GaN template exhibited a streaky RHEED pattern [Fig. 1(a)]
indicating the smooth surface but the pattern changed to spotty
once the LMBE growth of GaN was commenced [Fig. 1(b)]. In
plasma assisted MBE growth of GaN, it has been well estab-
lished that the Ga-rich ux condition promotes two-
dimensional (2D) growth while N-rich condition assists 3D
growth mode. And therefore, in situ RHEED is used as a poten-
tial tool to monitor the N/Ga ux ratio on the GaN growth
front.27,32 The spotty RHEED pattern of LMBE grown GaN lmFig. 1 A typical RHEED pattern taken along [11–20] and [10–10] direction
XRC of GaN (0002) and (10–12) planes of LMBE grown (30 Hz) GaN on t
respect to laser repetition rate.
87820 | RSC Adv., 2015, 5, 87818–87830indicated that the GaN grows homoepitaxially on the template
in 3D mode under N-rich (N/Ga > 1) growth condition.
Furthermore, the crystalline quality of the GaN samples was
characterized by XRC measurements of GaN (0002) and (10–12)
planes and the typical spectra are presented in Fig. 1(c). From
XRC measurements, it is found that the XRC FWHM values of
the LMBE grown GaN samples for (0002) plane are almost
similar (310–320 arc second) as that of the template (292 arc
second) [Fig. 1(d)]. However, the FWHM values of GaN (10–12)
plane increased with increasing the laser repetition rate from 10
(436 arc second) to 30 Hz (468 arc second) compared to the GaN
template (375 arc second). We have estimated the total dislo-
cation density (Dtotal) present in LMBE grown GaN layers on
template at diﬀerent laser repetition rates using the following
equations:33,34
Dscrew ¼
bð0002Þ
2
9bscrew
2
(1)
Dedge ¼
bð1012Þ
2
9bedge
2
(2)
Dtotal ¼ Dscrew + Dedge (3)
where Dscrew and Dedge are the screw dislocation and edge
dislocation density, respectively. The b is the FWHM values
measured from XRC (0002) and (10–12) planes in the degree.
The bscrew ¼ 0.5185 nm and bedge ¼ 0.3189 nm are the Burgers
vector lengths for GaN. The estimated total dislocation densitys of: (a) GaN template and (b) LMBE grownGaN. (c) A typical normalized
emplate. (d) XRC FWHM values of GaN (0002) and (10–12) planes with
This journal is © The Royal Society of Chemistry 2015
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View Article Onlinefor the GaN template is 4.43  108 cm2. The dislocation
densities are 5.80  108, 6.16  108 and 6.60  108 cm2 for
LMBE grown GaN layers on template at laser repetition rates 10,
20 and 30 Hz, respectively. These ndings indicate that the GaN
samples grown at high repetition rate have relatively large
crystalline defects as compared to the template.
The surface morphology of the LMBE grown GaN nano-
structures were characterized by FESEM. Fig. 2(a and b) shows
top-view and 45 tilted FESEM images of the GaN lm grown on
template with the laser repetition rate of 10 Hz. Top view image
[Fig. 2(a)] shows the growth of a dense, un-coalesced GaN lm.
The RHEEDmeasurements also revealed that the growth of GaN
on template is three-dimensional (3D). However, 45 tilt FESEM
image [Fig. 2(b)] shows the GaN nanowall network-like feature
with pore size 40–70 nm. With further increase in the repeti-
tion rate to 20 Hz, the formation of GaN nanowall network
structure has been clearly observed as shown in Fig. 2(c and d).
It has a large number of hexagonal-shaped pores of size ranging
from 90–120 nmwith the nanowall tip width of about 20–30 nm.
The pore size of the GaN nanowall network increased with
increasing laser repetition rate to 30 Hz as clearly seen in
Fig. 2(e and f). The size of the nanowalls grown at 30 Hz has
been statistically analyzed and it is found that the tip width of
nanowalls is about 10–15 nm and the pore size of the nanowall
network increased to be 120–180 nm. Increase of pore size of the
nanowall network grown at higher repetition rate can be related
to low surface diﬀusion and kinetic energy of GaN adatoms or
clusters due to increased ux rate.Fig. 2 Plan and 45 tilt view FESEM images of the GaN surface grown
on GaN template at various laser repetition rates: (a and b) 10 Hz, (c
and d) 20 Hz, (e and f) 30 Hz.
This journal is © The Royal Society of Chemistry 2015The growth of GaN nanowall network on diﬀerent substrates
using MBE occurs when N to Ga ux ratio is high.18–22 The N to
Ga ratio also determines the width of the nanowalls as reported
previously.19 For example, the narrow width nanowalls
(30 nm) have been grown on Si(111) with a N to Ga ratio of 980
while lm with at surface is obtained when N to Ga ration is
180.19 In case of porous GaN nanowall networks grown on SiC
using ion beam assisted MBE at diﬀerent substrate tempera-
tures (750 and 850 C), the N ion to Ga atom ratio is reported to
be between 2.7 and 6.3.15 Thus, in MBE GaN growth, the N to Ga
ux ratio determines the growth mode and the structure of GaN
lms. For example, a 2D growth mode occurs when Ga ux is
excess whereas N-rich growth condition promotes a 3D or island
growth mode.32,35 In our study, N to Ga ratio will be more than
one as the growth of GaN nanowall network occurs on GaN
template by ablation of solid GaN target in the presence of
additional supply of r.f. nitrogen plasma. Our in situ RHEED
observations also support the N-rich LMBE growth of GaN on
template.
Although detailed theoretical and simulation studies are
required for deep understanding of the growth mechanism of
GaN nanowalls, a possible growth mechanism can be proposed
based on the present and previous experimental studies on
growth of GaN nanowall. The reports unanimously suggest that
N-rich growth condition is the most important parameter for
GaN nanowall formation. The growth mechanism for GaN
nanowalls also depends on the type of the substrate used. GaN
nanowalls were grown on sapphire (lattice mismatch 14%)
and Si(111) (lattice mismatch 16%) substrates using MBE
technique in extremely N-rich condition and the growth process
has been explained on the basis of large lattice mismatch, the
mist dislocation and strain.18–22 For GaN nanowalls grown on
SiC substrate (lattice mismatch3.5%) using ion beam assisted
MBE, the growth process was explained on the basis of N-rich
growth conditions in combination with high growth tempera-
ture and the energetic N ion irradiation during the growth.15 For
homoepitaxial growth of GaN nanowalls on GaN template, the
eﬀect of strain will be minimal. Hence, the growth mechanism
of LMBE grown homoepitaxial GaN nanowall network can be
understood on the basis of N-rich growth condition and high
ux rates at the growth temperature of 700 C. In this work, we
employed laser ablation of a HVPE grown GaN bulk target under
the RF activated nitrogen plasma ambient to grow GaN, which is
clearly N-rich ux condition prone for 3D growth. When the
repetition rate is low (10 Hz, low ux rate), mostly coalesced but
rough surface GaN lm is obtained due to the enough time
available for adatom diﬀusion at the growth surface before the
next impinging GaN ux. In case of high laser repetition rate
>10 Hz (higher ux rate), the full coalescence of GaN islands can
be inhibited as the increased impinging rate of GaN ux will
eﬀectively reduce the surface mobility of adatoms. As a result,
limited lateral growth will take place at higher repetition rates
favoring the growth at vertical direction that will eventually
decrease the wall thickness and increase the pore size of the
GaN nanowall network. In addition, the relatively higher
sticking coeﬃcient of Ga at (0001) plane compared to other
planes will further contribute for the vertical growth.22,36 FromRSC Adv., 2015, 5, 87818–87830 | 87821
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View Article Onlineour results, it is evident that GaN nanowalls could be grown
homoepitaxially on GaN template under N-rich condition but at
higher ux rates.
To examine the strain status in our lms, we have performed
the z-prole Raman spectroscopy with monotonically varying
depth of focus by movement of objective lens normal to the
sample surface. Fig. 3(a) shows the z-prole Raman spectra of
GaN lm grown on template at 10 Hz. The direction of arrow
indicates spectra recorded sequentially with decreasing
distance between sample and objective lens. With decreasing
separation between sample and objective lens, scattered signal
was collected sequentially from top LMBE grown GaN to
MOCVD grown GaN template and nally to sapphire (0001)
substrate. For wurtzite GaN lms, the Raman scattering phonon
modes are A1(LO), A1(TO), E1(LO), E1(TO) and E2(high) in which
E1(TO) peak attribute mainly due to the presence of dislocations
or defects in GaN lm.37 The Raman selection rules for GaN
(0001) shows that the A1(LO) and E2(high) phonon modes are
expected to be more pronounced in the backscattering geom-
etry. The line shape, FWHM value and shi in E2(high) peak
describes the crystalline quality and the stress/strain present in
the GaN lms, whereas A1(LO) peak determines the carrierFig. 3 (a) The z-proﬁle Raman spectra with monotonically varying depth
Hz. (b) Raman spectra showing the E2(high) and A1(LO)modes for the LMB
Raman spectrum for E2(high) and E1(TO) for estimating FWHM values.
87822 | RSC Adv., 2015, 5, 87818–87830concentration density and electron mobility.38,39 Since, the wide
band gap of GaN renders it optically transparent, the depth of
laser focus is ensured by monitoring the maximum intensity of
E2(high) mode of GaN by increasing the separation between
objective lens and sample. It ensures that signal is recorded
from the top LMBE grown GaN layer. As the z-separation
between the sample and the objective lens decreases E2(high)
mode (571.3 cm1) intensity begins to fall and a new peak starts
to appear at 576.8 cm1 from sapphire.40 Similarly, the A1(LO)
mode at 736.8 cm1 disappears and a new peak is observed at
751 cm1 corresponding to sapphire.40 The z-scan Raman
measurements enabled us to distinguish between signals
coming from the top surface of LMBE grown GaN towards
substrate, distinctly. Similar results were obtained for the
samples grown at 20 and 30 Hz, as well.
Fig. 3(b) shows the Raman spectra of LMBE GaN nanowalls
grown at the laser repetition rates of 10, 20 and 30 Hz. All the
samples exhibit a peak around 571.1–571.4 cm1 [E2(high)] and
736.8 cm1 [A1(LO)]. For comparison of spectral line proles of
three samples, E2(high) mode was tted with Lorentzian line
shape as shown in Fig. 3(c) for the 10 Hz grown LMBE GaN lm.
The peak position, FWHM values of GaN Raman peaks for allof focus from top layer LMBE GaN towards the substrate grown at 10
E grown GaN at laser repetition rates 10, 20 and 30 Hz. (c) Typical ﬁtted
This journal is © The Royal Society of Chemistry 2015
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View Article Onlinesamples is enlisted in Table 1. Before LMBE GaN growth, the
Raman spectra of bare MOCVD grown GaN template consists of
GaN E2(high) peak at 571.1 cm
1 and A1(LO) mode at
736.9 cm1. Our obtained E2(high) peak position at 571.1 cm
1
is similar to the previous reported E2(high) Raman mode
(572 cm1) for (3 mm thick GaN on sapphire) GaN template.41
Compared with stress-free thick GaN Raman E2(high) peak
position (567.6 cm1),42 GaN template possesses intrinsic
compressive stress.43 However, in case of LMBE grown GaN
lms on template, we found that the LMBE grown GaN lms
exhibit almost exactly same peak position for E2(high) mode as
of template as given in Table 1. Our Raman spectroscopy
measurements reveal that even though there is intrinsic strain
present in the template,43 there is no additional strain in LMBE
grown GaN nanowall networks with respect to the GaN
template/substrate. These samples possess a similar order of
crystallinity as indicated by the FWHM of Raman and HR-XRD
peaks. The 736.8 cm1 peak is assigned to A1(LO) mode of GaN.
Analogous to E2 peak, the peak position and FWHM of A1(LO)
mode is same for all the three samples. There is a shoulder peak
near E2(high) mode at 561.8 cm
1 for 10 Hz, which is assigned
to E1(TO) mode. The E1(TO) mode observed at 562.2 cm
1 for
20 Hz and at 561.3 cm1 for 30 Hz. The peak width of E1(TO)
modemonotonically varies as 6.0 cm1, 8.6 cm1 and 11.2 cm1
for samples 10, 20 and 30 Hz grown GaN lms, respectively. The
large FWHM value of E1(TO) mode obtained for 30 Hz grown
GaN sample also supports the presence of structural defects in
the lm as indicated by XRC FWHM values.Fig. 4 (a) Room temperature PL spectra of LMBE grown GaN nano-
structures at various repetition rates. The inset shows the YL band
spectra after normalization of NBE peaks. (b) PL data ﬁtted with two
Lorentzian peaks for the NBE peak of 30 Hz grown GaN nanowalls
network.3.2. Optical properties of GaN nanowall networks
Fig. 4(a) compares the PL spectra recorded for the LMBE grown
GaN on templates to investigate the inuence of laser repetition
rates on the optical properties of the GaN nanowall network. PL
spectra were acquired at the same incident beam aperture size
and laser power at room temperature. Wurtzite bulk GaN has
the near band edge (NBE) emission at 3.4 eV and defects
related peaks in the range of 1.4–2.8 eV.44 For all three samples,
an intense NBE related luminescence peak centered at362 nm
(3.43 eV) and a broad but feeble yellow luminescence (YL) band
in the 520–600 nm wavelength range centered around 540 nm
(2.30 eV) are observed in the PL spectra. The PL measurement
on the GaN template has also been carried out and it was
observed that the NBE related peak is also located at 362 nm
(not shown here). We cannot ignore the contribution of GaN
template in the PL data of LMBE GaN samples and the NBE
peak obtained for all the samples at 362 nm can be theTable 1 Ramanmode and ultrafast pump probe carrier decay parameters
Samples
Raman peak (FWHM) intensity
E1(TO) E2(high)
10 Hz 561.8(6.0) 1336.2 571.3(2.9) 32 680.9
20 Hz 562.2(8.6) 915.3 571.4(2.8) 25 904.8
30 Hz 561.3(11.2) 1183.8 571.1(2.9) 31 237.4
This journal is © The Royal Society of Chemistry 2015combined eﬀect of the template and the LMBE grown lm.
However, the signicant change in NBE/YL ratio and spectral
features implies that the optical properties of the LMBE grown
GaN are dominating the PL spectra as discussed below. The
ratios of NBE to YL peak intensity are 43.4, 36.5, 18.2 and 17.6
for the template, 10 Hz, 20 Hz and 30 Hz samples, respectively.
The ratio decreased for the nanowall network structures indi-
cating the increase of crystalline defects as observed from XRC
measurements, which may promote YL emission.45 In the
literature, there is some ambiguity about the presence of YLof LMBE grownGaN ﬁlm on templates at diﬀerent laser repetition rates
Ultrafast: pump/probe at wavelengths
330/560 nm
Al(LO) s1 (ps) s2 (ps)
736.8(6.1) 1536.5 55.80  4.55 380.42  9.81
736.8(6.3) 999.6 36.36  1.40 386.38  5.56
736.9(6.4) 1284.7 27.54  0.67 451.60  5.79
RSC Adv., 2015, 5, 87818–87830 | 87823
Fig. 5 (a) Schematic of the energy band gap and defect levels in GaN,
(b) ultrafast transient absorption spectra of LMBE grown GaN samples
measured for pump/probe wavelength of 330 nm/560 nm. The inset
of (b) shows the typical bi-exponential ﬁtting of absorption spectrum.
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View Article Onlinepeak intensity in GaN nanowall network. In some reports, it was
observed that there is a negligible or no YL peak compared to
the NBE peak of the GaN nanowall network.21,46 However, the
cathodoluminescence (CL) and PL studies on the GaN nanowall
networks revealed the prominent defect related peaks.22,45 To
compare the YL peak intensity, we have normalized the PL
spectra with respect to the NBE peak. Inset of Fig. 4(a) presents
the YL peaks for GaN lm grown at diﬀerent laser repetition
rates and it can be clearly seen that the intensity of YL peak is
higher for the lm grown at 30 Hz.
We have also observed an additional shoulder peak near the
main NBE emission at lower wavelength side for the GaN
nanowalls grown at the repetition rate of 30 Hz, as shown in
Fig. 4(a). The PL emission peak of GaN lms can bemostly tted
by the Lorentzian function due to the weak nature of exciton–
phonon interaction.47We have tted the PL spectrum (near NBE
region) by using two Lorentzian components correspond to NBE
and shoulder peaks centered at 362 nm (3.43 eV) and 352 nm
(3.52 eV), respectively, as shown in Fig. 4(b). Zhong et al.20 also
obtained the blue shi in NBE peak (1.5 nm) for GaN nanowall
grown on Si(111) compared to at GaN lm and the shi of NBE
level was explained on the basis of strain related phenomena in
heteroepitaxially grown GaN nanowalls network. In our case,
the higher energy shoulder peak is only observed for GaN
nanowalls network having low tip width (10–15 nm). In
comparison with the NBE peak, the nanowall peak position blue
shis about 10 nm (90 meV). It has been estimated that one GPa
biaxial strain would shi the NBE peak to 27 meV and Raman
E2(high) mode by 4.2 cm
1.43 In our case, the shi in NBE peak
is 90 meV and accordingly the E2(high) mode should have
shied by more than 12 cm1. However, we did not see such
strain related shi in E2(high) mode in Raman measurements
for LMBE GaN with respect to GaN template [Fig. 3]. Recently,
Bhasker et al.46 found that the NBE of GaN nanowalls (wall
width 10 nm) was shied by 60 meV towards higher energy
side compared to that of the smooth GaN lm and the
enhancement of the band gap was explained on the basis of
carrier connement eﬀect in the nanowall structures. In case of
ZnO nanowalls grown on GaN template, the room temperature
PL spectrum also showed the blue shi of NBE and it was
attributed to the quantum connement eﬀect.26 In addition, the
GaN nanowires of diameter comparable to Bohr exciton radius
of GaN (11 nm) show quantum connement eﬀect induced
blue shi was observed in PL data.48 We obtained the blue shi
of NBE level only for the 30 Hz grown GaN nanowalls of with tip
width of 10–15 nm, which is comparable to the Bohr exciton
radius of GaN (11 nm). Therefore, we can attribute the blue
shied NBE component of nanowall network sample grown at
30 Hz to quantum connement of the carriers.
The GaN nanowall network based devices will depend criti-
cally on the understanding of carrier relaxation in the two
dimensional nanostructures. Ultrafast optical spectroscopy
measurements can shed light on this aspect by measuring the
carrier dynamics with femto-second time resolution. There are
several ultrafast spectroscopy studies on carrier relaxation in
GaN lms and nanowires.49–52 However, to the best of our
knowledge, there is no report on ultrafast time resolved optical87824 | RSC Adv., 2015, 5, 87818–87830measurements of GaN nanowall network. We have used ultra-
violet pump pulse with wavelength of 330 nm (3.75 eV) to create
electron–hole pairs across the GaN band gap (3.4 eV) as shown
in Fig. 5(a) and the probe wavelength was kept at 560 nm
(middle of YL band obtained from PL, 2.21 eV) to understand
the carrier dynamics in our samples.
Fig. 5(b) shows the transient absorption spectrum with the
pump/probe of 330/560 nm on LMBE grown GaN samples. The
peak amplitude of all the curves was normalized to have the
same height for clear comparison of carrier relaxation time. The
rise time of the signal is around 50 ps irrespective of the laser
repetition rates of GaN samples, which corresponds to the time
for carriers to populate the deep acceptor states. In order to
gure out the carrier relaxation time in GaN samples, the data
were tted with bi-exponential model functions using the rela-
tion: I ¼ A1 exp(t/s1) + A2 exp(t/s2), where I is the absorption
intensity, s1 and s2 are the fast and slow decay time constants, A1
and A2 are the amplitude.53 The s1 and s2 values is given in
Table 1. For all the tted data, initial fast decay constant (s1) and
slow decay constant (s2) vary between 28–56 ps and 380–452 ps,
respectively. The fast capture of electrons from the bottom of
the conduction band and holes from top of the valence band is
responsible for the carrier life time component s1 in transientThis journal is © The Royal Society of Chemistry 2015
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View Article Onlinesignal, which is free from coulomb interactions. In our case, the
value of s1 for 30 Hz grown GaN nanowall sample is smaller
compared to 10 and 20 Hz grown GaN samples. The origin of
the fast decay for the narrow width nanowall network is due to
the carrier trapping at the edge of the nanowalls. It is not
surprising as the previous reports on ultrafast pump-probe
studies of Ge nanowires also showed the decrease in s1 with
decreasing nanowire diameter due to the carrier trapping at the
nanowire surface.50,54 The s2 scarcely depends on the size and
the surface of the structure but is mainly due to electron–hole
pair recombination. The s2 value is larger for porous nanowalls
obtained on 30 Hz grown sample. It has been reported earlier
that the conned carriers recombine very slowly in semi-
conductor porous nanostructures.55 We recall from our PL
analysis that the carrier connement related blue shi in NBE is
only observed for 30 Hz sample. It is very interesting to note that
both PL and ultrafast spectroscopy measurements support
quantum carrier connement in the GaN nanowall of tip width
10–15 nm.Fig. 6 (a) Ga 3d core level spectra of GaN template and LMBE grown
GaN (10 and 30 Hz) on template. Experimental data (open circles),
ﬁtted spectra (thick solid line), deconvoluted components used to ﬁt
Ga–N (thick red patterned), Ga–Ga (violet shaded), Ga–O (thin green
patterned) and N 2s (pink shaded) are also shown. (b) N 1s core level
spectra along with Ga Auger features of GaN template and laser MBE
grown (10 and 30 Hz) GaN on template. Experimental data (open
circles), ﬁtted spectra (thick solid line), deconvoluted components
used to ﬁt N–Ga (thick blue patterned) and Ga LMM Auger features
(thin green patterned and dark brown shaded) are also shown. Each set
of spectra have been normalized by the peak height of the highest
peak and staggered along the y axis for clarity of presentation. Dashed
lines indicate the peak positions.3.3. Electronic structures of GaN lm and nanowalls
network
Even though there are several studies available now about the
growth of GaN nanowall network15,18–22,56 and their structural
and optical properties,18–22 electronic structure of GaN nanowall
network has been scarcely explored. Recently, using XPS, Tha-
kur et al. compared the electronic structure of GaN nanowall
network grown on c-plane sapphire substrate to a MOCVD
grown GaN template (epilayer).57 They have tted the valence
band (VB) spectra using multiple peaks and claimed that this
tting was based on the same procedure as of CL spectrum. In
their case, XPS data was acquired using non-monochromatic
Mg Ka X-ray source and therefore VB energy region could be
aﬀected due to the presence of Ga 3d related Ka3,4 X-ray satel-
lites. In our case, for non-monochromatic Mg Ka X-ray source,
great care has been taken for additional satellites peak.
Here, we have utilized the monochromatic Al Ka source to
perform XPS studies as it is free from additional X-ray satellites
and provides much better energy resolution compared to non-
monochromatic X-ray source. Fig. 6 shows the Ga 3d and N 1s
core level spectra of MOCVD grown GaN template (bottom) and
LMBE grown (10 Hz: middle and 30 Hz: top) GaN samples. We
have performed c2 iterative t of Ga 3d and N 1s core level
spectra to determine accurate peak positions and relative
contribution of diﬀerent species. Ga 3d core level spectra of GaN
template and LMBE grown sample at 10 Hz repetition rate can
be tted using 2 components (Ga–N and Ga–O) while a third
component (Ga–Ga) is also required for the tting of Ga 3d core
level spectrum of LMBE grown GaN nanowall network (30 Hz) as
shown in Fig. 6(a). N 2s related component is also shown.
Fitting parameters are summarized in Table 2. All the Ga 3d
core level spectra are dominated by Ga–N main peak which
appears at 19.95  0.05 eV for GaN template and LMBE grown
10 Hz sample while it appears at 20.1  0.05 eV for GaN
nanowall network (30 Hz). Peak position and FWHM values for
GaN template are close to the earlier reports.58,59 Peak FWHMThis journal is © The Royal Society of Chemistry 2015increases for LMBE grown samples and it is highest for sample
grown at 30 Hz repetition rate. Ga–O component is observed at
1.2 eV higher BE side compared to main peak and it can be
attributed to the formation of Ga2O3 at the surface due to
atmospheric exposure to samples.60,61 Ga–Ga component is
located at 1.0 eV lower BE side compared to main peak and it
can be related to uncoordinated/metallic Ga atoms.59,60 Relative
percentage of Ga–O varies very little (7.2 to 7.9) between
diﬀerent samples and it indicates similar amount of surface
oxidation for all the samples.
N 1s core level spectra have been tted using 3 components
(N–Ga and 2 components for Ga LMM Auger features) as shown
in Fig. 6(b).58 N–Ga peak appears at 397.6  0.05 eV for GaN
template and LMBE grown 10 Hz sample while it appears at
397.8  0.05 eV for GaN nanowall network grown at 30 Hz
repetition rate. Ga related Auger features appear at 1.3 and 4.1
eV lower BE side compared to main peak (N–Ga). Energy posi-
tion and FWHM values for GaN template are close to earlier
reported values.58,59,62 Fitting parameters are summarized in
Table 2. Similar to Ga 3d spectra, FWHM of N–Ga increases forRSC Adv., 2015, 5, 87818–87830 | 87825
Table 2 Summary of ﬁtting parameters for the Ga 3d core-level spectra (Fig. 6(a)), N 1s core level spectra (Fig. 6(b) and 7) and valence band
spectra (Fig. 9). Relative percentage of ﬁtting components is calculated from the ratio of the area under individual peak and total peak area of all
components. Uncertainty in determining the binding energy (BE) position and FWHM is estimated to be 0.05 eV. Uncertainty in determining
relative percentage is estimated to be5% of the base value. Our estimation of error is based on ﬁtting of more than one experimental data set of
the same sample with identical conditions, ﬁtting using diﬀerent initial guesses, and variation of ﬁtting parameters systematically
Sample
GaN template 10 Hz LMBE GaN 30 Hz LMBE GaN
Peak FWHM Relative% Peak FWHM Relative% Peak FWHM Relative%
Ga 3d (Al Ka) Ga–N 1.1 92.5 Ga–N 1.19 92.8 Ga–N 1.23 87.2
Ga–O 1.12 7.5 Ga–O 1.2 7.2 Ga–O 1.1 7.9
Ga–Ga 1.51 4.9
N 1s (Al Ka) N–Ga 0.85 30.5 N–Ga 1.03 26.7 N–Ga 1.1 26.8
Ga LMM 2.42 44.5 Ga LMM 2.68 46.4 Ga LMM 3.0 50.5
Ga LMM 4.32 25.0 Ga LMM 4.3 26.9 Ga LMM 4.24 22.7
N 1s (Mg Ka) N–Ga 1.17 86.6 N–Ga 1.4 90.6 N–Ga 1.45 89.4
NH + NH2 1.49 10.2 NH + NH2 1.49 9.4 NH + NH2 1.49 10.6
N–H3 1.49 3.2
Valence band (Al Ka) A 2.1 42.6 A 2.41 46.2 A 2.44 48.3
B 2.56 32.3 B 2.37 27.6 B 2.42 29.4
C 1.3 25.1 C 1.56 26.2 C 1.56 22.3
Fig. 7 N 1s core level spectra of GaN template and LMBE grown GaN
(10 and 30 Hz) on template. Experimental data (open circles), ﬁtted
spectra (thick solid line), deconvoluted components used to ﬁt N–Ga
(thick blue patterned), N–H + N–H2 (thin pink patterned) and N–H3
(red shaded) are also shown. Each set of spectra have been normalized
by the peak height of the highest peak and staggered along the y axis
for clarity of presentation. Dashed lines indicate the peak positions. All
the spectra have been acquired using non-monochromatic Mg Ka X-
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View Article OnlineLMBE grown samples and it is highest for nanowall network
grown at 30 Hz. XPS core level spectroscopy is one the most
powerful technique to determine the surface chemical compo-
sition. Even though use of monochromatic Al Ka source has
advantage of better resolution, it makes the N 1s core level
spectra more complicated as it overlaps with broad Ga Auger
features (Fig. 6(b)). Therefore, N 1s core levels recorded with
monochromatic Al Ka source are not ideal to determine the
chemical composition of GaN. However, use of non-
monochromatic Mg Ka solves this problem as Ga Auger
features do not overlap with N 1s core level any more.63 Fig. 7
shows N 1s core level spectra acquired using non-
monochromatic Mg Ka source. For LMBE grown samples,
spectra can be tted by 2 peaks (N–Ga and N–H/N–H2). N–Ga
peak dominates the spectra and surface contamination related
N–H/N–H2 component appears at 1.5 eV higher BE side.59,62
However, for GaN template, we also observed a small feature at
3.0 eV higher BE side which can be attributed to NH3 contam-
ination occurred during MOCVD growth.62 Fitting parameters
are summarized in Table 2. N–Ga peak positions are similar to
data acquired using monochromatic Al Ka (Fig. 6(b)). We have
also recorded Ga 3d core level spectra using non-
monochromatic Mg Ka source (not shown here) to determine
Ga to N ration of GaN template and LMBE grown samples.
These Ga 3d core level spectra have been tted using exactly
same procedure as adopted to t Ga 3d core level spectra
measured using monochromatic Al Ka source. Only change was
observed in FWHM values as it increases due to increased line
width of non-monochromatic X-ray source.
Area under the curve of Ga 3d and N 1s core levels have been
normalized using respective photo ionization cross sections,
inelastic mean free path and analyzer transmission func-
tion.63–65 Normalized area ratio have been used to calculate the
surface chemical composition of the GaN samples. Calculated
Ga/N ratio turned out to be 1.04  0.05, 1.19  0.06 and 2.03 87826 | RSC Adv., 2015, 5, 87818–878300.1 for GaN template, LMBE grown samples at 10 Hz and 30 Hz,
respectively. It clearly indicates that the LMBE grown samples
contain more Ga and the Ga/N ratio is highest for GaN nanowall
network grown at 30 Hz. It has been reported that Ga rich
surface may result due to formation of Ga adlayer and/or Garay source.
This journal is © The Royal Society of Chemistry 2015
Fig. 9 (a) Valence band spectra of GaN template and LMBE grown
GaN (10 and 30 Hz) on template. Experimental data (open circles),
ﬁtted spectra (thick solid line), deconvoluted components used to ﬁt
peak “A” (blue patterned), peak “B” (red patterned) and peak “C” (dark
brown shaded) are also shown. Each set of spectra have been
normalized by the peak height of the highest peak and staggered along
the y axis for clarity of presentation. Dashed lines indicate the peak
positions. Solid line indicates the position of Fermi level (EF). (b) Near EF
region and valence band maxima position (indicated by solid lines)
along with two linear ﬁts of leading edge and base line (shown by
dashed lines).
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View Article Onlinedroplets and it can result in surface reconstructions.66–68 Surface
sensitivity of XPS can be tuned by varying the photoemission
angle. As we decrease the photoemission angle and go towards
grazing emission angle, more and more signal will be coming
from near surface region while signal from deeper layers will be
mainly collected at normal emission angle. Therefore, we
should observe clear increase in the Ga/N ratio at near grazing
emission photoemission angles in case of presence of Ga
adlayer at the surface. We have plotted Ga/N ration of LMBE
grown GaN nanowall network (30 Hz) at various photoemission
angles in Fig. 8. We do not observe clear increase in Ga/N ratio
at near grazing emission photoemission angle within our
experimental error. Therefore, we can exclude the possibility of
excess Ga at surface and Fig. 8 suggests that Ga/N ratio remains
almost similar within the probing depth of XPS. Higher Ga/N
ratio for LMBE grown GaN nanowall network (30 Hz) suggests
that it will have largest number of N vacancy related defects and
it can be correlated with the defect density observed in this
sample (Fig. 1(d)). Largest number of N vacancies in LMBE
grown GaN nanowall network (30 Hz) can also explain the
enhanced peak intensity of YL band on PL spectrum (inset of
Fig. 4(a)).69 Ga 3d and N 1s core levels of LMBE grown nanowall
network (30 Hz) shis towards higher BE side by 0.15 and
0.2 eV, respectively compared to GaN template and such shis
have been attributed to the presence of N vacancies in GaN.70–73
In recent past, N vacancies have emerged as major point defect
in bulk and nanostructured GaN.74–76 Fitting of Ga 3d core level
spectrum (Fig. 6(a)) of LMBE grown nanowall network (30 Hz)
conrmed the formation of uncoordinated/metallic Ga atoms
in the sample, which also points towards the presence of N
vacancies. Gao et al. reported that Ga–Ga split interstitials play
very important role in the formation of GaN nanowires.76 For
LMBE grown nanowall network (30 Hz), uncoordinated Ga
atomsmay be located at interstitial sites and these could play an
important role in engineering a GaN nanowall network.
However, further model calculations will be required to test this
hypothesis.
We compare the VB spectra of GaN template and LMBE
grown GaN samples in Fig. 9(a) and dashed lines clearly show
that VB is dominated by 3 components (A, B and C). Peak A, andFig. 8 Ga/N ratio plotted as a function of photoemission angle for
LMBE grown GaN (30 Hz) on template. Ga 3d and N 1s core levels
acquired using non-monochromatic Mg Ka X-ray source have been
used to determine the ratio. Error bars representing experimental
uncertainty (5% of the base value) in quantiﬁcation are also shown.
This journal is © The Royal Society of Chemistry 2015C are related to Ga 4p–N 2p and Ga 4s–N 2p hybridized states,
respectively with N 2p dominant character whereas peak B has
been attributed to mixed orbitals and/or surface adsorbates.77
Line shape of the XPS VB spectra and energy position of
dominant features are in good agreement with earlier
reports.77–79 VB spectra can be satisfactorily tted using 3
components corresponding to features A, B and C. Fitting
parameters are summarized in Table 2. For GaN template,
feature A, B and C appeared at 4.5  0.5, 6.92  0.5, and 9.1 
0.5, respectively. Similar to core levels, FWHM of VB peaks also
increases for LMBE grown samples compared to GaN template
which could be correlated to increased defect density. BE
position of all the features of VB remains same for LMBE grown
GaN. There is very small shi towards higher BE for peak A and
C for LMBE grown samples compared to GaN template. It is
evident from Fig. 9(a) and Table 2 that redistribution of spectral
weight takes place in LMBE grown samples compared to GaN
template and it can be attributed to change in Ga/N ratio and
consequent change in Ga–N hybridization.
Fig. 9(b) shows the near EF region for all the GaN samples.
The position of valence band maxima (VBM) has been deter-
mined from the extrapolation of two linear ts (dashed lines) of
leading edge and base line.63 It turns out that VBM lies at 2.67RSC Adv., 2015, 5, 87818–87830 | 87827
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View Article Online0.05, 2.68  0.05, and 2.78  0.05 eV below surface Fermi level
for GaN template and LMBE grown samples at 10 and 30 Hz,
respectively. Considering energy band gap (Eg) of GaN to
3.4 eV, VBM positions conrm that GaN template and the
unintentional doped LMBE grown GaN samples shows n-type
conductivity. Similar to BE shi in core levels, VBM of LMBE
grown GaN nanowall network (30 Hz) is shied by 0.1 eV
towards higher BE compared to MOCVD grown at GaN
template. We recall that our PL spectrum for LMBE grown GaN
nanowall network (30 Hz) shows the increase in band gap by
0.09 eV and VBM shi towards higher BE side may be correlated
to increase in band gap. Alternatively, higher BE shi of VBM
and Ga 3d and N 1s core levels may also result due to the N
vacancy induced change in surface band bending. N vacancies
related donor states may increase near surface electron
concentration resulting in positive surface charge. It will result
in reduction of positive space charge in depletion region and
lower band bending. Position of VBM and core level BE can also
be aﬀected due to varying order of surface oxidation of GaN
surface.80 However, in our case, surface oxidation will not aﬀect
the data analysis as we have similar order of surface contami-
nation on all our analyzed sample (Table 2). We have not
observed any defect induced states in the energy gap (between
VBM and EF). Even if such states exist, we may not be able to
observe as these states could be hybridized with edge states and
buried below the VBM.75 We also do not nd any evidence of
presence of metallic states related to uncoordinated Ga atoms
as we do not see any spectral weight around EF.
4. Conclusion
The GaN nanowall networks were grown on GaN templates
using LMBE system by ablation of HVPE grown solid GaN target
in presence of r.f. nitrogen plasma at substrate temperature
700 C. The eﬀect of the laser repetition rate (10, 20 and 30 Hz)
on the structural, optical and electronic properties of the GaN
nanostructures. FESEM study showed that the GaN nanowall
width decreases as a function of laser repetition rate and
a nanowall tip width of 10–15 nm and pore size of 120–180 nm
is obtained for 30 Hz grown sample. The PL measurement
shows a blue shi of the band edge luminescence for 30 Hz
sample due to the one dimensional connement of carriers at
the top edges of the nanowalls as complimented by the ultrafast
spectroscopy measurements. We have studied the electronic
structure of GaN nanowall network using high resolution XPS
and compared it with 2-dimensional, at GaN template. Ga/N
ratio calculated from Ga 3d and N 1s is found to be highest
(2) for nanowall network grown at highest laser repetition rate
and its core level spectra shi towards higher BE side compared
to GaN template. High Ga/N ratio, core level BE shi and change
in VBM position with respect to EF provide strong evidence of
larger number of N vacancy related defect states in nanowall
network grown at 30 Hz laser repetition rate. XPS VB spectra
also demonstrate the decreased surface band bending of GaN
nanowall network grown at 30 Hz. The grown GaN nanowall
network having reduced volume in comparison to dense lms
can have potential technological application as nitride based87828 | RSC Adv., 2015, 5, 87818–87830high temperature sensors81 and high brightness optoelectronic
devices.
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